bundles are organized as short stress fibers, and they form a continuous circumferential band at the periphery of the cell. Dynamic functions of the actin cytoskeleton, meditated through shifts in monomeric (G-actin) and filamentous (Factin) actin levels, play an important role in cellular morphology and permeability of the vascular endothelium (22) . Progressive disassembly and shortening of the microfilaments of endothelial cells were observed during ATP depletion, and rapid reassembly was seen during cell recovery (24, 25, 33) . Previous in vivo studies have evaluated actin cytoskeletal changes during ischemic injury (31, 48) . The physiological F-actin structure of endothelial and vascular smooth muscle cells was markedly altered by 30 min of renal clamp ischemia, with increases in F-actin aggregates observed in endothelial and vascular smooth muscle cells (31, 48) .
Assembly and disassembly of actin filaments are modulated by numerous actin binding proteins. The actin-depolymerizing factor (ADF)/cofilin (AC) family of proteins, known regulators of actin dynamics (7) , plays a primary role in actin alterations during ischemia (4, 44) . Dephosphorylation activates these proteins to control actin assembly and disassembly rates and actin filament severing by pH-dependent mechanisms (7) . Two protein kinase families, LIM kinase, LIMK1 and LIMK2, and testicular protein kinase, TESK1 and TESK2, phosphorylate cofilin at its NH 2 -terminal serine residue to inactivate cofilin's F-actin depolymerizing and severing activities (3, 36, 49, 50) . LIM kinase is activated by phosphorylation mediated by p21-activated kinase-1 (PAK1), p21-activated kinase-4 (PAK4), and Rho-associated kinase (ROCK) (14, 16) . PAK1 and PAK4 are activated by interactions with GTP-bound Rac/Cdc42 (14, 16) , and ROCK is activated by interactions with GTP-bound Rho (36) . TESK1 and TESK2 are stimulated by the integrinmediated signaling pathway (41, 49, 50) . LIMK1 and cofilin bind the scaffolding protein, 14 -3-3, to modulate phosphatase-mediated phosphorylated (p)cofilin dephosphorylation (10, 21) . Bone morphogenic protein receptor II (BMPR-II) binds LIMK1 and downregulates LIMK1 activity (18) . Slingshot phosphatases and chronophin (a member of the haloacid dehalogenase family) dephosphorylate and activate pcofilin (20, 27, 42) .
Although the signaling pathways involved in ADF/cofilin regulation are becoming better defined, little is known about the specific intracellular molecular events that lead to endothelial cell dysfunction during ischemic injury. Therefore, the present studies were undertaken to define the mechanisms that lead to actin cytoskeletal alterations in response to ischemia in endothelial cells. The importance of the ADF/cofilin family of proteins in actin cytoskeletal alterations during ischemic injury has been previously shown in epithelial cells (4) . To determine the role of these proteins during ischemic injury of endothelial cells, studies using adenoviral vectors to introduce and express these regulating proteins were undertaken.
METHODS
Cell culture. All of the experiments were performed in the mouse pancreatic cell line MS1 [Mile Sven 1 cells purchased from American Type Culture Collection (ATCC), no. CRL-2279]. The MS1 cell line was maintained and expanded on plastic tissue culture dishes in DMEM (Sigma D-5523) containing 4 mM L-glutamine, 1.5g/l sodium bicarbonate, 0.11 g/l sodium pyruvate, 4.5 g/l glucose, 5% FBS, 100 U/ml of penicillin, and 100 g/ml of streptomycin, pH 7.4, at 37°C in 5% CO 2 incubators. The cells were grown on coverslips for fluorescent studies and on plastic dishes for protein extraction.
ATP depletion. ATP depletion was accomplished as previously reported (5) . Before depletion, confluent MS1 cells were washed three times with HBSS (equilibrated at 37°C with 5% CO 2). Depleted medium (DMEM without glucose, pyruvate, or amino acids) was added to control plates, and depleted medium containing 0.1 M antimycin A was added to the experimental plates. The cells were returned to the incubator for the ATP depletion periods of 5, 10, 15, 30, and 60 min (5) .
Total cell extraction. For total cell protein extraction, SDS and chloroform/methanol extraction methods were used. In brief, MS1 cells were washed with cold PBS containing 0.5 mM CaCl 2 and 1.0 mM MgCl2, pH 7.4, followed by the addition of extraction buffer (2% SDS, 10 mM Tris, pH 7.5, 10 mM NaF, 5 mM DTT, 2 mM EGTA, pH 8.0). The cells were scraped, boiled for 3-5 min, and briefly sonicated. This was followed by methanol/chloroform extraction (52) . Protein pellets were air dried and resuspended in 2ϫ or 4ϫ sample buffer.
Quantification of F-and G-actin. MS1 cells were placed on ice, the medium was aspirated, and the cells were washed three times with HBSS. An extraction buffer [XB; 60 mM PIPES, 25 mM HEPES, 10 mM EGTA (PHEM), pH 6.9, 0.1% Triton X-100, 10 g/ml chymostatin, leupeptin, antipain, and pepstatin A (CLAP), 0.5 mM PMSF, 0.1 mM DTT] was added to ATP-depleted cells, whereas an extraction buffer containing a ATP-regenerating system [(XBϩATP/RS; ATP-regenerating system-1 mM Na 2 ATP; A-5394, Sigma), 500 U creatine phosphokinase (C-3755, Sigma), and 10 mM creatine phosphate (P-6915, Sigma)] was added to control plates. Cells were scraped from plates, centrifuged, and the supernatants were separated from the cell pellets. The ATP-depleted and control cell pellets were resuspended in XB and XBϩATP/RS, respectively, and sonicated using a Branson Sonifier 450 (set on 3 in a scale of 1-10) with two to three 5-s bursts at 4°C. Supernatant and pellet samples were prepared in 2ϫ Laemmli buffer for SDS-PAGE/Western blot analysis (39) .
SDS-PAGE and Western blot analysis. Samples were dissolved in sample buffer, and protein concentration was determined by a quantitative filter paper dye-binding assay (38) or the Pierce Coomassie microtiter plate method. Samples of equal protein concentration were loaded into each lane and run on a 14% Tris-glycine minigel (Invitrogen, Carlsbad, CA) with SeeBlue molecular weight standards (Invitrogen). The samples were transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA) using a Genie transfer unit (Idea Scientific, Minneapolis, MN) at 12 V for 2 h at room temperature. Membranes were blocked in blocking buffer (0.1 M NaCl, 0.01 M Tris ⅐ HCl, pH 7.4, 0.05% Tween 20 with 10% newborn calf serum; Hyclone, Logan, UT) for 30 min followed by incubation with primary antibody in blocking buffer (described below). The membranes were washed and then incubated in goat anti-rabbit (1:100,000 dilution) or goat anti-mouse (1:50,000 dilution) secondary antibody conjugated to horseradish peroxidase in blocking buffer. The membranes were washed and incubated in SuperSignal ECL substrate (Pierce, Rockford, IL), imaged on Kodak X-ray film (Fisher Scientific, Chicago, IL), and densitometry was performed using an FX Imager with Quantity One software (Bio-Rad, Hercules, CA).
Primary antibodies. The following primary antibodies were used for Western blot analysis and indirect immunofluorescence detection: rabbit anti-ADF (12977, 1:1,000) (45); rabbit anti-phosphorylated ADF/cofilin that also recognizes phosphorylated XAC (1:1,000) (37); rabbit anti-XAC (1:1,000) (45); rabbit anti-LIMK1 (5 g/ml in TBS; Chemicon, Temecula, CA); and mouse anti-actin C4 monoclonal antibody (1:3,000; Roche Diagnostics, Indianapolis, IN).
Immunoprecipitation. To evaluate for endogenous expression of LIMK1 in MS1 endothelial cells, immunoprecipitation was employed. Protein G-agarose beads were suspended in RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.5, 0.1% SDS, 1.0% Triton X-100, 1% dexoxycholate, 5 mM EDTA) containing 10 g/ml CLAP and 0.5 mM PMSF. The prepared beads were incubated on ice for 10 min with the primary antibody to LIMK1 (Chemicon). MS1 cells were washed two times with PBS and then rocked on ice for 10 min in RIPA buffer. The cells were removed, centrifuged, and the resulting cell extract was added to the protein G/anti-LIMK1 beads. This mixture was rotated at 4°C for 60 min, rinsed three times with RIPA buffer, and prepared in Laemmli buffer for gel electrophoresis. For the negative control, protein G-agarose beads without antibody were incubated with the cell extract. LIMK1-GFP (larger than LIMK1 by ϳ25 kDa) was expressed in mammalian cells and used as the positive control. Adenoviral cell infection. At 30 -50% confluence, the MS1 cells were infected with either an adenovirus expressing GFP, XAC(wt)-GFP, the constitutively inactive mutant form XAC(S3E)-GFP, the constitutively active mutant form XAC(S3A)-GFP, or LIMK1-GFP at multiplicity of infection of 25 for the period of 18 h. The medium containing the virus was removed from the cells, cells were washed three times with PBS, new medium was applied, and protein expression was measured at 24, 48, and 72 h postinfection by Western blot analysis.
Fluorescence studies. Cells were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 in PBS, and blocked in PBS containing 2% BSA for 1 h at room temperature as previously described (5). F-actin was labeled with Texas red phalloidin (0.1 g/ml; Molecular Probes, Eugene, OR), and the nuclei were labeled with Hoechst (2 g/ml) for 1 h at room temperature (23) . The fluorescence images were acquired with a Zeiss LSM 510 confocal microscope equipped with argon and helium/neon lasers using an inverted ϫ100, 1.4-numerical aperture oil-immersion objective.
RESULTS

ATP depletion induces actin polymerization and leads to changes in the actin cytoskeleton in MS1 cells.
Fluorescence imaging studies of Texas red phalloidin-stained MS1 cells were undertaken to determine the effects of ATP depletion on the actin cytoskeleton. ATP depletion induced destruction of F-actin stress fibers and formation of "aggregated F-actin."
Within 5 min of ATP depletion induction, an increase in Texas red phalloidin-stained actin aggregates was observed in the treated cells (Fig. 1A) . Actin aggregates markedly increased with 15 and 30 min of ATP depletion. After 60 min of ATP depletion, there were less actin aggregates and bundled stress fibers, but numerous fine actin filaments were observed. Western blot studies were performed to quantify F-, G-, and total actin levels in MS1 cells following ATP depletion. Following 60 min of ATP depletion, total cellular F-actin increased with a corresponding decrease of G-actin (Fig. 1, B and C) . These data are consistent with recent evidence showing a similar event in epithelial cells (6) .
ATP depletion results in reduced pcofilin. Numerous studies have demonstrated that ADF/cofilin proteins have a role in rearrangement of the actin cytoskeleton (7, 43) . Using specific antibodies to cofilin and ADF, cofilin was found to be the dominant AC protein in MS1 cells (ϳ0.5% of the total cellular protein). To determine whether ATP depletion resulted in cofilin dephosphorylation/activation, time course studies were undertaken. Marked reductions in pcofilin levels were observed following 5 min of ATP depletion, and further ATP depletion led to a decrease in pcofilin concentration to undetectable levels (Fig. 2, A and B) . There was no discernable variation in total cellular cofilin over 60 min of ATP depletion, indicating the decrease in pcofilin was a result of dephosphorylation and not due to cell loss or protein degradation ( Fig. 2A) . 
Expression of the ADF/cofilin isoform XAC(wt)-GFP leads
to more rapid actin cytoskeleton changes following ATP depletion. ATP depletion in endothelial cells resulted in cofilin activation concurrent with F-actin rearrangement and polymerization. To directly evaluate the effect of ADF/cofilin on the actin cytoskeleton during ATP depletion, XAC(wt)-GFP, an ADF/cofilin isoform, was expressed in MS1 cells. Adenoviral constructs containing cDNAs for XAC(wt)-GFP, XAC(S3E)-GFP, XAC(S3A)-GFP, and GFP were used to induce transgene expression in endothelial cells. We observed variable adenoviral infection and GFP expression rates among the four constructs in endothelial cells. We did not observe any changes to the actin cytoskeleton in cells expressing XAC(wt)-GFP and GFP under physiological conditions 24 h postinfection (Fig.  3A) , whereas we observed decreased stress fibers in some XAC(S3A)-GFP-expressing cells and increased stress fibers in the XAC(S3E)-GFP-expressing cells. Western blot studies demonstrated XAC(wt)-GFP expression increased with time postinfection (Fig. 3B) , whereas corresponding total cellular actin levels in endothelial cells remained constant (Fig. 3C ). These studies suggested XAC(wt)-GFP expression did not alter actin structures or total cellular actin levels under physiological conditions. However, following only 5 min of ATP depletion, fluorescent studies (Fig. 4) revealed a loss of F-actin stress fibers and rapid formation of F-actin aggregates in cells expressing XAC(wt)-GFP, whereas minimal F-actin aggregates were noted in cells expressing GFP alone. With ATP depletion, cells expressing XAC(S3A)-GFP demonstrated an even greater increase in actin aggregate formation and stress fibers loss compared with XAC(wt)-GFP-expressing cells, whereas cells expressing XAC(S3E)-GFP had increased stress fibers in number and density.
Western blot analysis was used in previous studies to demonstrate ATP depletion-induced dephosphorylation/activation of XAC(wt)-GFP (5) . The present studies demonstrated that the levels of phosphorylated XAC(wt)-GFP decreased following 5 min of ATP depletion. This suggested ATP depletioninduced rapid activation of XAC(wt)-GFP in endothelial cells, which, in turn, correlated with rapid increases in cellular F-actin aggregates.
LIMK1 upregulates phosphorylation of ADF/cofilin in endothelial cells and slows down dephosphorylation during ATP depletion.
To study the role of LIMK1 in endothelial cells, MS1 cells were infected with an adenoviral vector containing the cDNA of LIMK1-GFP. The effects of LIMK1-GFP expression were studied following 0, 24, and 48 h of expression. Western blot analysis demonstrated that as LIMK1-GFP expression increased over time, the levels of pcofilin also increased (Fig. 5, B and C) . Endogenous LIMK1 expression was demonstrated with immunoprecipitation techniques (Fig. 5A) . LIMK1-GFP (ϳ25 kDa larger than LIMK1) was used as the positive control. During ATP depletion pcofilin was still present in LIMK1-GFP-expressing MS1 cells after 15 min of depletion, whereas pcofilin was undetectable beyond 5 min of ATP depletion in uninfected cells (Fig. 6, A and B) . Therefore, cells expressing LIMK1-GFP were able to maintain phosphorylated/inactive cofilin for longer periods of time in response to ATP depletion. (Fig. 7) . Cells expressing LIMK1-GFP had variable effects on the actin structure of physiological cells ranging from increased stress fibers in number and size to decreased stress fibers and formation of actin aggregates. However, following 30 min of ATP depletion, MS1 cells expressing LIMK1-GFP had better preserved and denser stress fibers than GFP-expressing control MS1 cells. Also, in this population of cells less cell-cell detachment was noted compared with 30 min of ATP depletion in GFP-expressing control cells. With 60 min of ATP depletion in cells expressing LIMK1-GFP, actin stress fibers were decreased and fine actin filaments were observed similar to what was seen in GFP-expressing control cells with 30 min of ATP depletion. Also, with 60 min of ATP depletion, LIMK1-GFP-expressing cells began to detach from neighboring cells but still did not demonstrate actin aggregate formation or cell-cell detachment as was observed in GFP-expressing control cells ATP depleted for 60 min.
LIMK1 expression prevents actin destruction and detachment of endothelial cells. Confocal imaging was used to compare effects of ATP depletion on MS1 cells under physiological conditions and MS1 cells expressing LIMK1-GFP
DISCUSSION
Maintenance of adequate vascular flow is essential to maintain tissue perfusion and viability. During ischemic injury and septic shock, separation of endothelial tight junctions, loss of endothelial attachments to the basement membrane, endothelial blebbing, and endothelial necrosis have been observed (40, 48) . Ischemia-induced endothelial cell injury results in activation of inflammatory cascades, increased vascular permeability, impaired vasodilation, obstructive microvascular thrombi, and white blood cell adhesion (34) . These abnormalities result in reduced microvascular flow and continued ischemic injury (47) . Improvement of renal function after renal ischemia by injection of a suspension of intact endothelial cells has demonstrated the importance of endothelial cell integrity for ischemic injury recovery (11, 15, 28, 32) . Energy depletion and exposure to oxidants increased endothelial permeability and intercellular gap formation (24, 34) . Also, increases in endothelial permeability were associated with internalization of VE-cadherin from endothelial adherens junctions (2, 29, 48) . Energy depletion of endothelial cells leads to increased cellcell separation and macromolecule permeability of the endothelial cell barrier due to rapid, but reversible disintegration of F-actin cytoskeletal structures (24) .
Dynamic structure and function of the actin cytoskeleton involve the interaction of various actin binding proteins with F-actin. In particular, the ADF/cofilin family of proteins plays a significant role in actin cytoskeleton dynamics (7) . ADF/ cofilin proteins are a calcium-independent, actin binding protein family that in metazoans is regulated by phosphorylation (7). They bind actin monomers and filaments and stimulate actin filament severing and depolymerization in a pH-dependent manner (9) . ADF/cofilin proteins function to enhance the off-rate of actin monomers at the pointed end of actin filaments and have actin-severing activities (12, 35) . Activation and relocalization of ADF/cofilin to the apical domain during ischemia in renal tubular epithelial cells are coincident with disruption of the actin cytoskeleton (4, 44) . In renal endothelial cells in vivo, ischemia induces a marked increase in F-actin polymerization and aggregation at the basal and basolateral aspects of the cells (48) , which were associated with increased capillary permeability. In the present studies, ATP depletion induced cell-cell detachment and rapid aggregation of F-actin in endothelial cells, which are consistent with the results demonstrated in previous studies of endothelial cells (24, 30) . ATP depletion also resulted in decreased G-actin and increased F-actin concentrations at 60 min, whereas the total cellular actin concentration remained unchanged. These actin alterations correlated with a decrease in pcofilin, whereas the total cofilin concentration remained the same, demonstrating an increase in active cofilin via dephosphorylation. Phosphorylated cofilin was undetectable by Western blot analysis in endothelial cells beyond 5 min of ATP depletion. This implies early and rapid activation of cofilin in response to ATP depletion.
To directly investigate the effects of ADF/cofilin on cellular actin, we expressed XAC(wt)-GFP protein in endothelial cells using an adenoviral approach. Adenoviral-mediated expression of cofilin was previously studied in human pulmonary artery endothelial cells (19) . In this study, cofilin overexpression did not alter baseline endothelial cell permeability but reduced Sph-1-P-induced increases in cortical distribution of polymerized actin, resulting in a poorly developed cortical actin ring and limited the Sph-1-P barrier-enhancing effects. Expression of XAC(wt)-GFP further increased the rapid rate of actin redistribution and aggregation in response to ATP depletion compared with noninfected cells, suggesting that cofilin activation plays a contributing role in actin cytoskeleton disruption during ischemia. We observed marked cytoskeletal alterations that included disruption of stress fibers, most likely secondary to F-actin depolymerization and severing, and accumulation of actin aggregates, which could be secondary to uncontrolled actin polymerization of newly released ADP-containing actin monomers (6) . We believe destruction of actin surface mem- brane interactions leads to cell-cell and cell-extracellular matrix detachment, resulting in increased microvascular permeability and detachment during ischemia (48) .
To further explore the role of ADF/cofilin in regulating the actin cytoskeleton in endothelial cells, we introduced the ADF/ cofilin-regulating protein LIMK1. LIM kinase proteins are known to phosphorylate ADF/cofilin at Ser3 (3, 53) and recently the phosphatase slingshot (SSH) as well as chronophin were shown to be responsible for ADF/cofilin dephosphorylation at the same site (20, 42) . LIM kinase and SSH have the opposing effect on cellular cofilin activity, allowing for temporal and focal regulation of actin filament dynamics (17, 46) . Previous in vivo studies in COS-7 cells demonstrated that LIM kinase induced changes in actin cables, with progressive accumulation of large aggregates of actin attributed to loss of cofilin function (16) . In our studies, MS1 cells expressing LIMK1-GFP, under physiological conditions, were also noted to have aggregate accumulation and loss of stress fibers in some cells, whereas other MS1 cells expressing LIMK1-GFP showed increases in actin stress fiber number and thickness.
However, in the cells expressing LIMK1-GFP, less F-actin destruction was observed following 30 min of ATP depletion. At 60-min ATP depletion, stress fibers were replaced with a very fine actin network in both the LIMK1-GFP-expressing cells and adjacent noninfected cells. Biochemical analysis of LIMK1-GFP-expressing cells demonstrated that the phosphorylated form of ADF/cofilin persisted beyond 15 min of ATP depletion compared with the loss of pcofilin by 5 min in control cells. In these expression studies, not all cells in the culture expressed the LIMK1-GFP construct, so many noninfected cells were present in these cell cultures. It is expected that these noninfected cells undergo cofilin/ADF dephosphorylation in the same manner as is observed in control cells. The phosphorylated/inactivated cofilin present at 10 and 15 min in these samples most likely represents the population of cells in the culture that express the LIMK1-GFP transgene. These data support the hypothesis that LIMK1 exerts its protective role against ADF/cofilin's effects on the actin cytoskeleton during ATP depletion by phosphorylation and inactivation of ADF/ cofilin proteins. Because the activity of LIMK1 is also known to be regulated by phosphorylation (16) , it was expected that during prolonged ATP depletion, the levels of active LIMK1 would decline, leading to loss of its ability to phosphorylate ADF/cofilin.
It is important to note that expression of the constitutively active mutant XAC(S3A)-GFP in MS1 cells did not appreciably affect the integrity of the F-actin stress fibers under physiological conditions. However, ATP depletion of MS1 cells expressing this constitutively active mutant exhibited more damage to F-actin stress fibers and increased aggregate formation compared with XAC(wt)-GFP-expressing cells. This suggests that an additional unknown mechanism other than cofilin regulation by phosphorylation/dephosphorylation may control the depolymerization and severing activity of cofilin in response to ATP depletion. Other actin binding proteins, such as tropomyosin, profilin, and AIP1, are known to influence the activity of cofilin. ATP depletion may affect the activity of these proteins and indirectly alter cofilin activity.
Our studies suggest that ADF/cofilin has a direct and concentration-dependent effect on alterations in actin cytoskeleton under ATP-depleted conditions. Actin aggregation and stress fiber destruction in response to ATP depletion are directly correlated to levels of exogenous ADF/cofilin expression. We have also demonstrated that LIMK1 expression delayed ADF/ cofilin dephosphorylation/activation, providing a protective effect to the actin cytoskeletal structures. Regulation of ADF/ cofilin activity in endothelial cells by LIMK1 demonstrates the vital role that ADF/cofilin plays in maintaining the structure of the actin cytoskeleton in endothelial cells. Further exploration of the intricate molecular pathways involved in ischemia- Fig. 7 . LIMK1 expression prolongs cell-cell detachment and actin cytoskeleton destruction during ATP depletion. Fluorescent studies of MS1 cells expressing LIMK1-GFP F-actin changes after 30 and 60 min of ATP depletion. Under control conditions, stress fibers in some cells expressing LIMK1-GFP were increased in number and thickness, whereas other LIMK1-GFP-expressing cells showed some actin aggregates and decreased actin stress fibers compared with GFP-expressing control MS1 cells. However, with 30 min of ATP depletion, LIMK1-GFP-expressing cells still had stress fibers, whereas control GFP-expressing cells had decreased or no stress fibers, cell-cell detachment, and formation of fine actin aggregates. With 60 min of ATP depletion, the LIMK1-GFP-expressing cells demonstrated cell detachment, loss of stress fibers, and an increase in fine actin filaments similar to GFP-expressing control cells with 30 min of ATP depletion. Scale bar ϭ 20 m.
induced cytoskeletal damage of endothelial cells and investigation into methods to counteract or slow down ADF/cofilin's effects on actin cytoskeleton destruction may provide insight into the mechanisms that would provide protection to endothelial cells during ischemic damage. In turn, this could result in preservation of the perfusion of vital organs.
